We present a new mechanism to deplete the energy density of the QCD axion, making decay constants as high as f a 10 17 GeV viable for generic initial conditions. In our setup, the axion couples to a massless dark photon with a coupling that is moderately stronger than the axion coupling to gluons. Dark photons are produced copiously through a tachyonic instability when the axion field starts oscillating, and an exponential suppression of the axion density can be achieved. For a large part of the parameter space this dark radiation component of the universe can be observable in upcoming CMB experiments. Such dynamical depletion of the axion density ameliorates the isocurvature bound on the scale of inflation. The depletion also amplifies the power spectrum at scales that enter the horizon before particle production begins, potentially leading to axion miniclusters.
Introduction
Dark matter remains the most compelling evidence of physics beyond the Standard Model (SM). Since we have only observed it through its gravitational effects, there is a wide range of possible dark matter candidates. A very interesting possibility is that dark matter is made of light bosonic fields which only interact extremely weakly with the SM [1] . The QCD axion is a particularly well-motivated example of such weakly-coupled light fields [2] [3] [4] [5] (see [6] for a review). An approximate shift symmetry protects its mass and couplings, so that it can be naturally light and have a lifetime much longer than the age of the universe. An axion field oscillating about the minimum of its potential has the equation of state of matter, making it a dark matter candidate [7] [8] [9] . Further, the axion makes the CP-violating QCD θ angle dynamical, with a minimum atθ = 0 [10] . Thus, the axion can naturally explain the severe constraints on CP violation in the strong sector,θ 10 −10 , from null measurements of the neutron/Hg electric dipole moments [11] [12] [13] .
The mass of the QCD axion is set by its decay constant f a . Its couplings to other SM fields are model-dependent, but are expected to be given by higher-dimension operators suppressed by f a . Astrophysical observations impose a lower bound on the decay constant, f a 10 9 GeV for generic couplings [14] [15] [16] [17] [18] (for detailed discussion of the constraints see [6] ). On the other hand, axion decay constants of f a > 10 12 GeV predict a dark matter abundance in excess of observations for generic initial conditions. These two considerations determine the axion window, 10 9 GeV < f a < 10 12 GeV, within which axions can naturally account for the observed dark matter density. There are a number of ongoing and proposed experiments for probing the QCD axion window [19] [20] [21] [22] [23] .
We propose a new mechanism for depleting the axion abundance in the early Universe, such that the region f a > 10 12 GeV becomes viable. This region is well-motivated theoretically. Generic expectations from string theory predict f a values higher than the axion window [24] [25] [26] . Beyond theoretical arguments, a practical reason for exploring viable cosmological models outside the axion window is that there are a number of exciting proposed experiments that should have sensitivity to very light (and thus large-f a ) axions [27] [28] [29] [30] [31] [32] .
Our mechanism uses particle production in the time-dependent axion background. We assume that the axion couples to a massless dark photon, a U (1) gauge boson that is decoupled from the SM. As the axion starts oscillating in the early universe, certain modes of the gauge field become tachyonic, leading to an exponential growth of such modes. A similar mechanism has been previously used for generating primordial magnetic fields [33] [34] [35] [36] [37] [38] [39] , for inflation and (p)reheating after inflation [40] [41] [42] [43] [44] [45] [46] [47] , for moduli decay [48] , and for the relaxion [49] . Our mechanism differs from previous cases because we focus on smaller couplings of the axion to the gauge fields, which requires multiple oscillations of the axion until the gauge field grow sufficiently to influence the axion dynamics. In this regime the relevant modes of the gauge field go through two separate phases, a tachyonic growth period and a subsequent parametric resonance period. Thus, our mechanism shares features both with tachyonic preheating and with more standard preheating scenarios based on parametric resonant decays.
Even though the coupling responsible for this mechanism is quite generic for axion-like particles, the presence of light charged degrees of freedom can make the production of gauge fields very inefficient due to plasma screening effects. For this reason we focus on the coupling of the axion to a dark photon instead of making use of its couplings to the SM photon.
We show that this mechanism can be very efficient in transferring energy from the axion into the dark photons. As long as backscattering effects of the dark photons into the axions are small, this mechanism can open up most of the large-f a parameter space. We will briefly comment on potential limitations of this mechanism due to the possibility of backscattering effects introducing significant deviations in our results. A quantitative understanding of these effects requires a dedicated numerical investigation beyond the scope of this work.
There are other ways to evade the upper bound on f a . One possibility is that the initial misalignment angle is tuned to be small, with the tuning justified by anthropic selection of the dark matter density [50, 51] . Another possibility is that the universe experienced entropy production between the QCD phase transition and Big Bang Nucleosynthesis [8, [52] [53] [54] . This mechanism can relax the bound to f a 10 15 GeV. If the axion potential was temporarily much larger in the very early universe, such that m a > H, it would relax to its minimum earlier [55] [56] [57] [58] . However, a viable model that generates a large axion potential is typically quite involved and needs to explain why the early time minimum is aligned with the minimum today. There are other possible signatures of our mechanism, which can be potentially used to distinguish it from these other mechanisms.
• For very large f a , the energy in the axion is so large that, once it is transferred to radiation, it can lead to observable changes in the number of extra relativistic degrees of freedoms (N eff ) during BBN and during the CMB decoupling. Current constraints on N eff limit f a 2 × 10
17
GeV for an axion with order one initial misalignment angle. Future measurements are expected to improve the bound on N eff by an order of magnitude which will provide indirect tests of this mechanism in a large range of the interesting parameter space.
• A dynamical mechanism that decreases the axion abundance also significantly weakens the bounds on large-f a axions from the non-observation of isocurvature perturbations in the CMB. This opens up a sizable fraction of the parameter space for inflationary models, specially for higher scales of inflation. If future experiments measure a large scale for inflation and also discover axion DM with a large f a , this would be a strong indirect evidence against an anthropic axion scenario.
• The particle production mechanism might also lead to significant changes in the small scale matter power spectrum. This is due to a combination of effects which we describe in the text. One of the main effects is that it decreases the average energy density in the axion field without a corresponding decrease in the energy density of its fluctuations at scales that enter the horizon before particle production becomes relevant. This amplifies the density perturbations generated by inflation and enhances the power spectrum at these small scales.
Even though the most economical possibility is that a single axion field solves the strong-CP problem as well as constitutes all of dark matter, there may be a plenitude of light axions [59] , since axions arise readily in string theory compactifications [24] [25] [26] . While in this paper we will focus on the QCD axion, our results can be easily adapted to other axion-like particles.
After a brief review of axion dark matter in section 2, we will present a simple model of axions coupled to the dark photon with appropriate strength to produce our effect in section 3. We then describe the mechanism of particle production and our results in section 4, and we lay out the future directions and conclusions in section 5.
Axion dark matter review
The cosmology of the axion depends sensitively on whether the spontaneous breaking of PQ symmetry occurs before/during or after inflation. In this work we are interested in the case where the PQ symmetry is broken before inflation, which is the case when the scale of PQ breaking is larger than both Hubble during inflation and the reheat temperature. Due to the astrophysical constraints requiring f a 10 9 GeV, and the bound on the inflationary scale from non-detection of gravitational B-modes in the CMB [60, 61] , H I 10 14 GeV, this scenario represents a large fraction of the allowed axion parameter space. In this case, due to the exponential expansion during inflation, the axion field takes on a constant value throughout our Hubble volume, which is generically away from the late time minimum of the potential. The dark matter abundance then arises out of this misalignment, and depends on the axion mass and on the size of the misalignment.
The axion Lagrangian and potential
We review the axion couplings to the SM. Following [62] the relevant terms in the axion Lagrangian are given by
2 G µν µναβ , and ψ are SM fermions. We use the coupling to gluons as the definition of f a , and the couplings c i to other SM fields are model-dependent. The coupling of the axion to photons is relevant for many experimental searches, and for the KSVZ axion [63, 64] is given by
The coupling of the axion to QCD breaks the continuous shift symmetry of the axion to a discrete shift symmetry. For the axion to solve the strong-CP problem, it should get its potential dominantly from QCD dynamics. The zero temperature potential is a low energy observable and can be calculated directly from the chiral Lagrangian (see e.g. [62] ),
for small φ displacements. At high temperature, the axion potential is suppressed. There are many computations of the high temperature axion mass (dilute instanton gas, lattice, instanton liquid model), which do not all agree with each other (see e.g. [65] [66] [67] [68] [69] [70] for recent results and discussion). This is an important open question which has implications for the axion dark matter abundance, but which does not change the conclusion that large f a axions generically lead to an overabundance of dark matter. For clarity, we parametrize the mass in the following simple way which resembles the result from the dilute instanton gas calculation [71, 72] ,
where m a (0) = (78 MeV) 2 /f a and b = 0.018. Note that in our approximation the mass is discontinuous, which is not expected to be actual behavior for the axion mass. The simple power law dependence in the temperature is expected to hold at large temperatures, T 1 GeV, where the dilute instanton gas approximation is reliable. Given the disagreement in how to estimate the axion potential closer to the QCD phase transition scale, we extended the higher temperature behavior past the regime where it is reliable in order to have a concrete formula. As already discussed this introduces uncertainties in the calculation for the axion abundance but does not change the qualitative picture which is what we want to focus on.
Axion cosmology
Axions are produced in the early universe via thermal production through its couplings to the SM plasma [73] [74] [75] and non-thermally via the misalignment mechanism [9] . Thermally produced axions have momenta comparable to the temperature of the SM plasma and thus are an extra form of radiation. The abundance of thermal axions is negligible for large f a , which is the case we are interested in. The non-thermal production generates a coherent oscillating field, which behaves as a non-relativistic fluid and can be the dominant contribution to the dark matter density. The relic density is determined by the initial misalignment angle of the axion, θ i = φ i /f a . The axion starts to oscillate when m a ∼ H, and can be subsequently described as a bath of zero momentum particles. The axion abundance can be easily calculated by using the fact that shortly after oscillations begin the axion co-moving number density is conserved. If f a > 2 × 10 17 GeV, the axion starts to oscillate at T osc < Λ QCD 200 MeV, when the axion mass is roughly constant. For f a < 2 × 10 15 GeV the oscillations begin at a higher temperature, T osc 1 GeV, where the axion mass depends sensitively on the temperature and is well approximated by eq. (2.4). In these two regions, the axion DM relic density is [71] ,
where we have kept only the quadratic piece of the axion potential. In the region 2 × 10 15 GeV < f a < 2 × 10 17 GeV, the axion begins oscillation around the QCD scale, T osc ∼ Λ QCD . In this region neither expression above is accurate and strong QCD effects affect the axion abundance. For our numerical results we calculate the axion abundance explicitly by numerically evolving the axion condensate using the temperature-dependent mass in eq. (2.4). Using the estimate above, we see that for f a ∼ 10
15 GeV, we would need an initial misalignment θ 2 i ∼ 10 −4 to get the observed relic density. Another important constraint on axion dark matter comes from the limit on isocurvature perturbations. Because the axion is effectively a free scalar field during inflation, it experiences scale invariant fluctuations due to the de Sitter background δφ ∼ H I /(2π). These correspond to isocurvature perturbations and are constrained from CMB measurements. The isocurvature power spectrum due to axion fluctuations is given by
where we allowed the axion abundance to differ from the observed dark matter abundance Ω DM . This value depends on the θ i , because the perturbations are defined by δρ a /ρ a , and the average density of the axions depends on the misalignment angle. The CMB has measured the scalar perturbations as predominantly adiabatic perturbations with a scalar power spectrum, P s 2 × 10 −9 , where we neglect the spectral index. With the assumption that the scalar power spectrum is uncorrelated with the axion isocurvature perturbations, CMB constrains [60] ,
The bound on isocurvature perturbations leads to an upper bound on Hubble during inflation
If axion constitutes all of dark matter from eq. (2.5) one sees that for large f a one requires θ i 1, which makes the isocurvature bound on the inflationary scale stronger. Therefore if the initial misalignment angle is O(1), and a dynamical mechanism decreases the axion abundance to the observed DM abundance, the isocurvature bound is weakened. This is the case for the late entropy production scenarios [76, 77] , and is also the case for the particle production mechanism we explore in this work. For other recent ideas that relax the axion isocurvature bounds see e.g. [78] [79] [80] .
There are a number of tabletop experiments and astrophysical observations that put constraints on the viable axion parameter space. There are also new experimental proposals which have the potential to reach the QCD axion in a wide mass window in the near future. The existing limits and future sensitivity on the axion coupling to photons are summarized in fig. 1 . We highlight the light axion region, which is the region of interest for new experiments. This region would be ruled out for generic initial conditions, but our mechanism makes the entire region viable. The blue and red shaded regions in this figure represents the current bounds. It includes the cavity microwave experiment, ADMX [19] , which has probed axion DM of about µeV; the helioscope, CAST [14] , to search for solar axion coupling to photons; the supernova SN1987A bound [18] from the Primakoff process; FermiLAT [17] , H.E.S.S [16] and X-ray observations [81] [82] [83] bounds from the irregularity of the photon spectrum; globular clusters [15] ; black hole superradiance [28] (ignoring the disruption of the axion cloud due to interactions at larger g aγγ ). We show the projected sensitivity of future experiments, ABRACADABRA [30] , ALPS II [84] , ADMX [20] , CASPEr-Wind and CASPEr-Electric [27] , and the helioscope IAXO [21] . Blue shaded regions show the current constraints which are independent of a dark matter interpretation, while the red shaded region are constraints from axion haloscopes. Sensitivity of future experiments is shown by colored lines. The thick black line shows the prediction for the KSVZ axion as in eq. (2.2). The solid part of the line indicates where the initial misalignment would need to be tuned θi < 0.1 or worse, which is where our mechanism is needed to have the correct axion abundance. For larger values of fa (the green part of the line) the extra dark radiation produced by our mechanism will be within the sensitivity of future CMB experiments. Even larger fa values (the gray part), are already constrained by Planck observations (see discussion in section 4.3).
A simple model for particle production
In addition to the standard QCD axion Lagrangian discussed above, we assume an additional coupling of the axion to a dark photon (such couplings have recently been explored in a different context [85, 86] ),
As we will see below, the particle production mechanism is only effective when the coupling of the axion to the dark photon is larger than the coupling to QCD, with r ≡
. This hierarchy of couplings is easily seen to be stable under quantum corrections at the effective theory level. Nevertheless, one may wonder how easy it is to obtain this structure from a UV model. There are a number of possible model building avenues. We will not pursue them in detail here, but present a simple example as a proof of principle.
One way to generate a hierarchy in axion couplings is using the Kim-Nilles-Peloso (KNP) alignment mechanism [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] . As a specific case, we take two axions, say a and b, each coupling separately to the two gauge groups, QCD and the dark photon, respectively. We include an additional "aligned" contribution to the axion mass matrix which breaks the two shift-symmetries down to a single shiftsymmetry such that one linear combination of a and b gets a large mass and decouples. If the light eigenstate has a hierarchical overlap with a vs. b, then it couples to QCD and the dark photon with a hierarchical coupling.
The effective Lagrangian is,
where we have included a simple example of the explicit symmetry breaking term that we want. This symmetry breaking term can be UV-completed in a number of different ways, which we discuss in appendix A. The eigenstates from the above Lagrangian are,
where φ is the QCD axion, and φ h is the heavy mass eigenstate. We can thus rewrite the effective Lagrangian in terms of the light eigenstate,
with f a = f √ 1 + n 2 . In other words, c d = n, or r = nα d /(2π).
Particle production and Ω DM
We now study the changes in the axion evolution due to its coupling to the dark photon. In our setup, the QCD axion couples to dark photons, with a coupling that is ∼ O(10) times larger than its coupling to the standard model particles. This coupling is responsible for depleting the axion abundance. If the mass of the dark photon exceeds the mass of the axion, particle production from axion decays become ineffective. This puts a severe constraint on the mass of the dark photon; the simplest possibility is that the dark photon is massless. We also assume that the dark photon is in its vacuum state, with no light matter charged under it in the universe, when the axion oscillations start around the QCD phase transition. If there is a non-negligible abundance of matter charged under the dark photon it generates a Debye mass for the dark photon, shutting off particle production. The presence of this Debye mass is precisely why the axion coupling to the photon cannot be utilized for our mechanism. The existence of light degrees of freedom charged under the dark photon would also lead to large self-interaction for the dark photons which would also suppress the particle production effect. Thus, we assume that matter charged under the dark photon is heavy, which is the natural expectation if it is a scalar or a vectorlike fermion.
The equations of motion
The equation of motion (EOM) for the homogeneous axion field in the Friedmann-Robertson-Walker cosmological background with the scale factor a(η) is written as
where the prime denotes derivative with respect to conformal time η and we defined 1
Working in Coulomb gauge, ∇ · A = 0, the equations of motion for the gauge fields are
We treat the homogenous axion field as a classical field and focus on the production of gauge field quanta due to the coupling between the axion and gauge field. To see this particle production effect we decompose the gauge field in terms of creation and annihilation operators
where λ = ± are the helicities of the gauge field. Plugging this decomposition into eq. (4.3) we find
We fix the initial conditions for the gauge fields to be consistent with the Bunch-Davies vacuum
with η QCD the conformal time of the QCD phase transition. The energy density in the gauge field is given by
where the last term comes from subtracting the vacuum energy, to render the integral finite. From this expression we see that if some modes of the gauge field described by eq. (4.3) experience a large growth this leads to an increase in the energy of the radiation field. This energy gain corresponds to particles being generated by the coupling to the time dependent classical axion field. By energy conservation, the increase in energy of the radiation field leads to a decrease in energy of the axion. To study the backreaction effects of the particle production in the dynamics of the axion we will treat the right-hand side of eq. (4.1) as a mean field
Conditions for efficient particle production
These coupled differential equations can be solved numerically to study the evolution of the axion. Before presenting our numerical results, we first discuss when we would expect particle production to be efficient. For this qualitative discussion we ignore the temperature dependence of the axion mass and the change in the number of relativistic degrees of freedom during its evolution. We include these effects for our numerical analysis in the next section. For simplicity we approximate the axion potential by keeping only its leading quadratic term
which is a good approximation for φ f a . The axion starts oscillating once Hubble drops below the axion mass
where t is the comoving time and a i is the scale factor when H = m a . This equation holds as long as the backreaction due to the gauge fields is small. The fact the coupling in eq. (3.4) can lead to a very large production of the gauge field can be seen directly from the equations of motion for the gauge field
If the effective frequency ω 2 of a given mode becomes negative, the corresponding mode becomes tachyonic which can lead to an exponential growth of the corresponding "mode function". From eq. (4.11) one sees that the largest tachyonic frequency is
where we have used the dimensionless variable θ = φ/f a , and recall that r = f a /f d . The largest tachyonic frequency occurs near the start of the oscillations, before the amplitude of φ decreases due to Hubble friction. In order for the exponential growth to occur, another condition must be satisfied: the corresponding growth rate, ∼ |ω|, needs to be fast compared to both the Hubble 1 expansion rate and to the time scale for which the effective frequency ω 2 remains negative. When both conditions are satisfied, the growth of the mode A(k) can be estimated using a WKB approximation
where theη integration is only over times in which the mode is tachyonic. A given frequency mode remains tachyonic over a half-period of the axion, before φ changes sign. Thus, the conformal time interval in which a mode is tachyonic is approximately given by ∆η tachyon 1/(am a ). There is no real growth of the gauge fields when |ω| (∆η tachyon ) −1 . In this case, the time scale associated with the axion oscillation is too fast compared to the typical time scale for tachyon growth, and therefore the gauge field modes effectively respond to an averaged axion field, and averaging φ over an oscillation is almost zero. Thus, the lower bounds on the frequency that experiences an exponential production is
The second condition is stronger than the first since H ≤ m a . Therefore, the gauge modes are exponentially produced in the following frequency band,
Given that f a determines the range for the axion field, the initial misalignment angle θ i is bound to be at most O(1). Therefore, in order to have a significant production of gauge fields, one must have f d > f a . As we will show numerically in the next section, the ratio f d /f a controls how effective the energy transfer between then axion condensate and the gauge field is.
In the relevant parameter space the gauge fields do not grow enough during the first oscillation of the axion field for them to influence its dynamics. At each oscillation the range of k-modes that experience tachyonic growth becomes smaller and eventually disappears. Therefore tachyonic particle production is only relevant during the first few oscillations of the axion. After a k-mode leaves the tachyonic frequency band it can still experience a significant growth sourced by the axion oscillations once its physical momenta redshifts enough for its frequency to enter the parametric resonance band. The growth due to the parametric resonant behavior is only relevant because it is Bose-enhanced due to the initial exponential growth of that mode during the tachyonic phase. The dynamics of the coupled axion-gauge field dynamics is very rich and due to its intrinsically non-linear nature it is very sensitive to variation of parameters and initial conditions as will be shown in the results section. Once all k-modes of the gauge field that experienced tachyonic growth redshift to momenta smaller than the axion mass, the axion-gauge field coupling becomes ineffective at depleting the axion energy, and the axion subsequently evolves as in the standard case.
Dark photon contribution to N eff
The dark photons produced due to the tachyonic instability will carry a significant fraction of the energy density originally stored in the axion field. Since the gauge bosons are massless their energy density dilutes like radiation, and thus they contribute to the number of relativistic degrees of freedom (N eff ) at BBN and also at the time of CMB decoupling. Their contribution to N eff is given by
where ρ γ is the energy density in photons and ρ d is given by eq. (4.7). The contribution to ∆N eff as a function of the parameters f a and f d can be computed using the numerical solutions to the gauge field-axion system, and will be presented in the next section.
Assuming that most of the energy originally in the axion field is transferred to the dark photon we can obtain the approximate bound from ∆N eff . As one can see from the numerical results in the next section, the transition between the gauge field feedback being negligible to it being very important in the axion evolution is very fast. We also find that this transition usually happens when the scale factor has increased (temperature has decreased) by an O(10) factor from when the oscillations started and that at this point an order one fraction of the axion energy is transferred to dark photons. Therefore, ignoring the temperature dependence of the mass (which is a very good approximation for f a 10 17 GeV), we find
where g * is the number of relativistic degrees of freedom in the SM below the QCD phase transition and a fb is the scale factor when the feedback due to the gauge fields becomes important for the axion. Using this simple approximation we see that for f a 10 17 GeV and θ 0 ∼ 1, the contribution to N eff becomes order one and is thus in tension with observations. In the results section we present more precise bounds on N eff obtained from the numerical solutions.
Numerical results
In this section we present our numerical results. In order to produce these results we discretized the momentum integral in eq. (4.8). This was done by introducing a maximum momenta k cut = 2a i m a f a /f d and discretizing the interval (0, k cut ) with over 10 4 equally spaced points, and solving the coupled axion-gauge-field system until the particle production effect becomes negligible. We tested the stability of the code by varying the total number of discretized momenta, the maximum momenta k cut and the precision of the algorithm. For our numerical results we used the finite temperature potential of eq. (2.4) and included the temperature dependence of the number of relativistic degrees of freedom [6] . This leads to analogous, but quantitatively different conditions from eq. (4.15).
In figs. 2 and 3 we show how particle production affects the evolution of the axion energy density. After an initial period where the axion abundance follows the standard axion, the dark photons backreact on the axion, damping its energy density by many orders of magnitude. We see that f a 10
16 GeV and 10
17 GeV are perfectly consistent with measurement of N eff by Planck [97] . Larger decay constants would produce too much dark radiation and hence are excluded. Future CMB experiments [98] aim to measure ∆N eff to 10 −2 level, which will be sensitive to decay constants of f a 10 16 GeV. We note that these results are for an initial misalignment angle θ i = 1, and the N eff constraints are ameliorated for a smaller initial misalignment angle.
In fig. 4 we show that the depletion of the axion abundance is quite sensitive to initial conditions and parameters of the theory. This "chaotic" behavior likely arises from the rich dynamics of many coupled oscillators with time-dependent frequencies of the gauge field k-modes, which continually enter and exit a phase of parametric resonance with the axion. This chaotic behavior also appears in various preheating models which use broad parametric resonance [99] . Depending on the initial conditions, this sensitivity can greatly enhance the primordial fluctuations of the axion. This is one of effects that can lead to a significant enhancement of the matter power spectrum at small scales. It would be interesting to study how much of this sensitivity persists once the effects of the axion inhomogeneities are consistently included.
In our results we ignored the backscattering of dark photons into axions. This effect is naively very small, as one would conclude by estimating the γ D γ D → φφ rate. However, due to the very large occupation number of dark photons the 2 → 2 estimate is not reliable. In fact, previous work which used a similar tachyonic production of gauge fields for preheating and for generating primordial magnetic fields found that backscattering effects can lead to quantitative changes in the results [46, 100, 101] . Our preliminary investigations on the effects of backscattering indicate that in many cases this effect creates inhomogeneities in the axion field which can have energies comparable to the energy in the homogeneous component after the latter has started efficiently transferring energy to the gauge fields. However, the energy density in this inhomogeneous component of the axion is still negligible of the temperature, with a = 1 today, for two example values of fa and r. We also show the evolution of axion energy density in the absence of our mechanism (gray). The green dashed line indicates the correct dark matter abundance, and the blue horizontal lines indicate the current (solid) and future (dashed) sensitivity to the dark photon contribution to ∆N eff . The absolute value of the axion and the dark photon energy densities are comparable at the point in which the axion energy density starts departing from the usual QCD axion behavior. The initial misalignment was chosen to be θi = 1.
compared to the energy in the gauge fields 2 . Therefore, even though a full treatment that includes Figure 3 . The decay of the comoving axion amplitude (green) as a function of temperature due to particle production for two example values of fa and r, compared with the axion amplitude in the absence of our mechanism (gray). We normalize the scale factor aQCD(T ) ≡ a(T ) a (1 GeV) . The initial misalignment was chosen to be θi = 1.
the effects of these perturbations might lead to quantitative changes in the final results, the qualitative picture of very large energy transfer from the axion condensate to the gauge fields is still expected to hold. A complete treatment of this effect could reveal very interesting features for axion DM. In particular, it might show that at small scales (comparable to the axion Compton wavelength) the dark matter density perturbations are much larger than the ones seeded by inflation, and thus lead to axion miniclusters, which are usually only associated with axion models with PQ symmetry breaking after If true, this will significantly modify our results for higher values of fa. This is an important question which requires further investigation, especially in light of a contrasting study by Ref. [46] which studied the same effect in the context of preheating. Figure 4 . The sensitivity of the axion abundance to the ratio r = fa/f d (left) and to the initial misalignment angle θi (right). The dashed gray line is the axion abundance in the absence of the dark photon coupling. We see that the mechanism is ineffective for small values of r and θi. For larger values of {r, θi}, the depletion is larger and very sensitive to the initial conditions/parameters.
inflation [103, 104] .
Future directions and conclusions
The QCD axion is a well-motivated dark matter candidate, and there is a large experimental program for its search that is underway. There has been relatively little work on simple extensions of the QCD axion which can dramatically alter the cosmological evolution of the axion. We present one such extension where the axion has a coupling to a dark photon. This leads to an efficient depletion of the axion density into dark photons, such that large-f QCD axions can be misaligned by a generic amount from their minimum. This makes the theoretically motivated large-f parameter space viable.
For a region of parameter space, this additional energy density in dark photons can be seen in future CMB experiments. Given the QCD axion mass, an order of magnitude estimate of this energy density can be obtained (the prediction is uncertain due to the initial misalignment angle), and hence constitutes a test for this mechanism. This mechanism also relaxes the isocurvature bounds on axion DM. If future experiments measure the energy scale of inflation, they can rule out a large range of axion decay constants in anthropic models which would still be allowed in our scenario.
We have presented a minimal extension of the QCD axion model which focused only on the interactions of a dark photon with the axion. There are many extensions of this simple model, which include interactions of the dark photon with other SM fields that can lead to interesting predictions and are worth exploring. There might also be interactions of the axion with fields other than a dark photon that may give us a similar energy dissipation mechanism.
A UV completions of the alignment model
In this appendix we complete the model presented in section 3, focusing on generating the alignment potential term,
The purpose of this is to show the origin of large n in the coupling. In this section, we will only focus on generating this potential term for the two axions. We do not explicitly write down the couplings of the axions to QCD/dark photons for clarity of presentation, but these can be easily included. We note that the examples presented below have a large degree of overlap -we can use 4D confining dynamics in a 5D axion model, and all variants of the mechanisms can be "iterated" in a clockwork.
A.1 A 5D model
We consider a model where axions arise from gauge fields in 5D [105, 106] . The 4D axions are identified with phases of Wilson loops around the extra dimension. The 5D model consists of two gauge fields in 5D, (A M , B M ). The fifth dimension is compactified on an orbifold S 1 /Z 2 at a high scale, 1 2πR ≡ Λ, with boundary conditions such that (A 5 , B 5 ) zero modes survive at low energies [90, 91, 93] . These serve as the axions (a, b). There is an additional fermion ψ in 5D which has charges (n, 1) under the two gauge groups.
Choosing different 5D gauge couplings for the two gauge groups does not by itself lead to a hierarchy in axion couplings, so for simplicity we have chosen them to be identical. If the mass of the fermion is smaller than the 5D Kaluza-Klein scale, it generates a sizeable Casimir potential for (A 5 , B 5 ). The 4D effective Lagrangian is
We identify 2πRg 2 = 1/f , such that the Lagrangian for canonically normalized fields (a, b) is,
We have neglected higher harmonics of the cosine potential and finite ψ-mass effects which are subdominant to this term, and do not affect the alignment qualitatively. We note that the coupling of the axions to QCD and the dark photon can be obtained in this model by including appropriate mixed Chern-Simons terms.
A.2 Confining dynamics
A mechanism along the lines of above can be obtained by a non-abelian gauge group SU (N ) that confines at a high scale Λ. We assume n flavors of fermions in the fundamental representation of SU (N ) that are charged under the U (1) P Q,a and a single SU (N ) fundamental that is charged under the U (1) P Q,b . We now demonstrate that we can obtain a large confinement scale for the SU (N ) gauge group such that one mass eigenstate is heavy and decouples from the low-energy theory. We assume that the SU (N ) gauge theory is weakly coupled at the scale f , such that the 't Hooft coupling λ(f ) = 4πα(f )N 1. We also choose the SU (N ) theory to be asymptotically free, N is the coefficient of the IR β function. We see that we can get a high confinement scale, which decouples the heavy axion.
SU (N )
Note that there are a large number of degrees of freedom in this model, O(n 2 ), which can renormalize the Planck scale to be too low. To ameliorate this, we can use the clockwork mechanism outlined below.
A.3 Clockwork
The models considered above can be extended to include more axions, such that the large charges encountered in those models are traded for a specific charge structure [88, [93] [94] [95] [96] .
Consider a model with m + 2 scalars each of which get a vev f which spontaneously breaks a U (1), resulting in m + 2 axions. We add the following interaction between these scalars,
(A.10)
These couplings explicitly break U (1) m+2 → U (1). The would-be Goldstones from spontaneous breaking of these symmetries are then massive and can be decoupled from the low-energy theory. The mass matrix for the Goldstones is
We have not included the contribution of QCD to the Goldstone masses, so there is one eigenstate of M with a zero eigenvalue. We are interested in the projection of the a, b fields on to this eigenstate, φ. It is easily seen that the normalized eigenvector with the zero eigenvalue is Therefore we see that the effective hierarchy in charges that we get is n = q m+1 . For q = 3, m = 4, we easily get n = O(100).
